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To study the influence of microwave irradiation on two-dimensional electrons, we apply a method
based on capacitance measurements in GaAs quantum well samples where the gate covers a central
part of the layer. We find that the capacitance oscillations at high magnetic fields, caused by
the oscillations of thermodynamic density of states, are not essentially modified by microwaves.
However, in the region of fields below 1 Tesla, we observe another set of oscillation, with the period
and the phase identical to those of microwave induced resistance oscillations. The phenomenon of
microwave induced capacitance oscillations is explained in terms of violation of the Einstein relation
between conductivity and the diffusion coefficient in the presence of microwaves, which leads to a
dependence of the capacitor charging on the anomalous conductivity. We also observe microwave-
induced oscillations in the capacitive response to periodic variations of external heating. These
oscillations appear due to the thermoelectric effect and are in antiphase with microwave induced
resistance oscillations because of the Corbino-like geometry of our experimental setup.
PACS numbers: 73.43.Qt, 73.50.Pz, 73.21.Fg, 73.50.Lw
I. INTRODUCTION
The microwave (MW) irradiation of high-mobility two-
dimensional (2D) electron gas in the perpendicular mag-
netic field B dramatically modifies the transport prop-
erties of the electron system and leads to a remarkable
phenomenon of microwave-induced resistance oscillations
(MIRO) and associated zero resistance states [1-3]. The
periodicity of the oscillations is determined by the ra-
tio of the MW frequency ω to the cyclotron frequency
ωc = |e|B/mc (m is the effective mass of the electron).
Whereas the physics of MIRO is not fully understood,
the majority of experimentally observed features are de-
scribed [3-9] by the theories based on the consideration of
scattering-assisted transitions of electrons between Lan-
dau levels due to absorption and emission of MW ra-
diation quanta. Besides, purely classical approaches to
magnetotransport [10 - 13] were also applied to the de-
scription of the phenomenon, and it was suggested that
MIRO might originate from the effects near sample edges
[11,12] and contacts [12] as opposed to the bulk transport
properties.
The progress in understanding the effect of MW irra-
diation on 2D electrons in general and the MIRO phe-
nomenon in particular crucially depends on the informa-
tion obtained from experimental studies, which in turn
relies on the diversity of applied experimental methods.
The basic method is a standard magnetotransport ex-
periment, the measurements of electrical resistance un-
der external dc driving. The methods that do not use dc
driving are rare exceptions. They include measurements
of the photovoltaic response in the samples with built-
in spatial variation of electron density near the contacts
[14 - 16], when the oscillating photovoltage appears as
a result of MW irradiation, and thermoelectric measure-
ments [17], when the MW irradiation leads to oscillations
of thermoinduced (phonon-drag) voltage. In this paper,
we propose and exploit another method, based on capaci-
tance measurements in the samples where the gate covers
a central part of the 2D layer.
Studies of the capacitive response commonly serve as
a source of information about the thermodynamic prop-
erties of 2D electron gas in magnetic field. In particular,
measurements of low-frequency electrical impedance in
these systems allow one to find the thermodynamic den-
sity of states (∂n/∂µ)T , where n is the electron density
and µ is the chemical potential [18 - 23]. This is an effi-
cient method to study the density of states of electrons
as well as the correlation effects, which is important for
understanding the integer and fractional quantum Hall
effects. Recently, it was proposed [24] to apply periodic
variations of temperature T , induced by a heater to ex-
tract the entropy density (∂S/∂n)T = −(∂µ/∂T )n, which
gives complementary information about the properties of
2D electron systems.
Below we show experimentally that both voltaic and
thermal perturbations in the presence of MW irradiation
lead to an oscillating capacitive response that bears a
resemblance to MIRO. A theoretical consideration gives
an explanation of these effects, suggesting that the re-
sponse in both cases is directly related to MW-induced
changes in electrical conductivity. In spite of the fact
that MW irradiation does not change the carrier den-
sity, it causes redistribution of potentials in the 2D plane
partly covered by the gate. We establish two physical
mechanisms of such influence. First, since the MW irra-
diation strongly modifies the conductivity and does not
change the diffusion coefficient, the Einstein relation be-
2comes violated [16]. This leads to a difference between
electrochemical potentials in the regions under the gate
and out of the gate. Second, in the presence of tempera-
ture gradients, the capacitor charging is influenced by the
thermoinduced voltage between the Ohmic contact to 2D
gas and the heated region under the gate. Meanwhile, it
is established that thermoinduced voltages are modified
by the MW irradiation [17,25], mostly because of the in-
fluence of the radiation on conductivity. It is worth to
note that the MW-induced effects described above ex-
ist and are actually the most prominent in the region of
a relatively weak magnetic field, where the Shubnikov-
de Haas oscillations are thermally suppressed. In this
region, the magnetic-field induced changes in thermody-
namic density of states and in entropy density are not
seen experimentally. Therefore, the oscillations of the
capacitive response due to MW irradiation are easily sep-
arable from the oscillations of thermodynamic quantities
which appear at higher magnetic fields.
The paper is organized as follows. In Section II we
present the details of measurements and experimental
results. Section III contains the theoretical description,
comparison of theory with experiment, and discussion.
Concluding remarks are given in the last section.
II. EXPERIMENT
We studied Schottky-gated narrow (14 nm) quantum
wells (QW) with electron density n ≃ 6.5 × 1011 cm−2
and a mobility µ = 2 × 106 cm2/V s. We used square
(8× 8 mm2) specimens of Van der Pauw geometry, with
contacts at the corners. A 4.5 nm TiAu semitransparent
gate of nearly circular shape with area A = 4 mm2 was
evaporated on top of the sample. The distance between
the QW and the sample surface was dG = 115 nm, and
the gate-QW geometric capacitance C0 was 3.9 nF. The
capacitance was measured by the modulation technique:
the gate voltage was modulated with a small ac voltage of
10-50 mV at frequencies in the range 1.5−3.1 Hz and the
recharging current was measured using a lock-in ampli-
fier. The geometric capacitance and the frequencies were
small enough to neglect contribution of the resistance
of the 2D electron gas in the recharging current signal.
We also measured low-frequency ac voltage proportional
to the recharging current generated due to temperature
modulation by applying a technique similar to that used
in Ref. 24. The heater was placed on the back side of
the sample in order to minimize the temperature gradient
over the sample area. The heater voltage was modulated
by the law v0 + v0 cos(ω0t), with f0 = ω0/2π ≈ 3.24 Hz,
leading to modulation of heating power with the same fre-
quency. The corresponding variation of electron temper-
ature ∆T ∼ 0.2 K was estimated from the amplitude of
the Shubnikov-de Haas oscillations. The measurements
were carried out in a VTI cryostat with a waveguide to
deliver microwave (MW) irradiation (frequency range 110
to 170 GHz) down to the sample. Several devices from
the same wafer were studied.
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FIG. 1: Magnetoresistance and magnetocapacitance under
microwave irradiation of frequency 140 GHz. Dark magneto-
capacitance is also shown. The top part shows the geometry
of the experiment.
In Fig. 1 we present the longitudinal magnetoresis-
tance under microwave irradiation for 140 GHz and at
a temperature of 1.5 K. The resistance reveals strong
MIRO and zero resistance state evolved from the last
minimum. This figure also shows typical magnetoca-
pacitance (capacitance C(B) normalized to its zero-field
value) traces both with MW and without it. The pres-
ence of MW irradiation results in an oscillating magneto-
capacitance contribution with much weaker relative am-
plitude in comparison with phototoresistance. The pe-
riod and the phase of the photocapacitance oscillations
coincide with those of MIRO, though we do not see any
indications of a zero resistance state regime in the main
minimum of the capacitance. In Fig. 2 we plot the mag-
netocapacitance for an extended interval of B in order to
show the pronounced oscillations caused by consecutive
passage of Landau levels through the Fermi level when
the Landau levels become separated in strong magnetic
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FIG. 2: Magnetocapacitance, dark and under MW irradiation
at 157 GHz, in a wide interval of magnetic fields. The lower
plot shows the difference ∆C between the MW-induced and
dark magnetocapacitances.
fields. The MW irradiation does not lead to a qualita-
tive change of the shape of these oscillations, though the
amplitudes slightly increase. We point out that this be-
havior is not usual, as one should expect some decrease
in the amplitudes because of heating of the electron gas
by microwaves.
Figure 3 illustrates magnetooscillations of recharging
voltage induced by temperature modulation under MW
irradiation in comparison with MIRO. The periodicity
of these oscillations is the same as that of MIRO. How-
ever, in contrast to MW-induced magnetocapacitance os-
cillations, the oscillations of thermoinduced voltage have
a much larger amplitude and occur in antiphase with
MIRO. These properties have been checked in the mea-
surements for several different MW frequencies. The
charging voltage without MW irradiation (dark signal)
demonstrates weak features identified as the magne-
tophonon oscillations due to resonance scattering of elec-
trons by acoustic phonons. These oscillations were ob-
served previously in phonon-drag thermopower measure-
ments [17,26] as well as in the magnetoresistance of 2D
electron systems (see Ref. 3 for a review). The presence
of magnetophonon oscillations suggests that the charg-
ing is influenced by thermoelectric effects mediated by
phonon drag. The oscillating contribution added by MW
irradiation is much larger than the magnetophonon os-
cillations.
III. THEORY AND DISCUSSION
The experimental data presented above show that mi-
crowaves have a non-trivial effect on gate-QW capaci-
tor charging. This effect resembles the influence of mi-
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FIG. 3: Magnetoresistance and charging voltage under mi-
crowave irradiation of frequency 170 GHz. Dark charging
voltage is also shown. The top part shows the geometry of
the experiment.
crowaves on resistance and depends on the type of ex-
citation source, whether electric or thermal. The the-
ory given in this section provides a detailed account of
the processes contributing to the observed capacitive re-
sponse.
The recharging current is given by the time derivative
of the induced electric charge δQ:
Jt =
dδQt
dt
= e
∫
G
dr
dnrt
dt
, (1)
where nrt is the local electron density and the integral
is taken over the region covered by the gate. Below,
the time index is dropped out because the recharging
occurs in the quasi-stationary regime. The variation
of the electrostatic potential in the 2D layer under the
gate is related to the variation of the electron density as
δφ = (4πedG/ǫ0)δn, where ǫ0 is the dielectric permittiv-
ity of the cap layer and dG is the distance between the
gate and the 2D layer. Since the electrochemical poten-
4tial η, which determines the local voltage Vr = ηr/e, is
connected with electrostatic potential and chemical po-
tential by the relation
ηr = eφr + µr, (2)
the variation of the voltage under the gate is written as
eδV = δµ+ (4πe2dG/ǫ0)δn. (3)
In this expression, the coordinate index is dropped out
because we consider the quantities averaged over the
areas of the size exceeding all microscopic lengths in-
cluding the screening length, so δn is assumed to be
coordinate-independent. The local equilibrium condition
(the absence of currents) requires δV to be coordinate-
independent if the temperature under the gate is uniform,
which is also assumed. Equation (3), with the use of the
relation
δµ =
∂µ
∂n
δn+
∂µ
∂T
δT
leads to electric charge variation as a response to both
the voltage and the temperature variations:
δQ = C[δV − e−1(∂µ/∂T )δT ], (4)
with the capacitance
C = C0
[
1 +
C0
e2A
(
∂n
∂µ
)−1]−1
, (5)
where A is the area under the gate and C0 ≃ ǫ0A/4πdG
is the geometric capacitance.
Therefore, the capacitive response to perturbations δV
and δT is described by the isothermic derivative ∂n/∂µ
and the derivative ∂µ/∂T at constant electron density.
For non-interacting electron gas in thermodynamic equi-
librium, these quantities are entirely described by the
density of states in the magnetic field:
∂n
∂µ
= ρ2D
∫
dε
(
−∂fε
∂ε
)
Dε (6)
and
∂µ
∂T
= −ρ2D
(
∂n
∂µ
)−1 ∫
dε
(
−∂fε
∂ε
)
Dε
ε− µ
T
, (7)
whereDε is the density of states expressed in units ρ2D =
m/π~2 and fε is the equilibrium distribution function. If
the density of states is represented as a series of oscillat-
ing harmonics, Dε = 1+2
∑∞
k=1 ak cos(2πkε/~ωc), these
expressions are rewritten as
∂n
∂µ
= ρ2DS0, ∂µ
∂T
= −S1S0 , (8)
S0 = 1 + 2
∞∑
k=1
ak
Xk
sinhXk
cos
(
2πkµ
~ωc
)
,
S1 = 2π
∞∑
k=1
ak
∂
∂Xk
Xk
sinhXk
sin
(
2πkµ
~ωc
)
, (9)
where Xk = 2π
2kT/~ωc. Equation (9) demonstrates the
presence of quantum oscillations similar to Shubnikov-de
Haas oscillations. Such kind of oscillations are known
to be suppressed because of random spatial fluctuations
of the chemical potential [27]. If such variations are de-
scribed by a Gaussian distribution ∝ exp[−(µ−µ)2/Γ2],
their influence can be taken into account by multiply-
ing the terms under the sums in Eq. (9) by the factors
exp[−(πΓk/~ωc)2].
Let us discuss in which way the microwaves can mod-
ify the quantities ∂n/∂µ and ∂µ/∂T . First of all, the
MW irradiation leads to some heating of electron gas
and, therefore, suppresses the oscillations as factors Xk
increase. This is, however, a trivial effect which we are
not interested in below. A very intensive radiation may
modify the electron spectrum, but we did not work with
such powerful MW sources in our experiment. Also, the
MW irradiation creates an additional oscillating part of
the distribution function, δf
(ω)
ε , which is responsible for
the ”inelastic” mechanism [7] of MIRO. However, since
the radiation does not change the number of electrons in
the system, one has the identity
∫
dεDεδf
(ω)
ε = 0 which
means that both ∂n/∂µ and ∂n/∂T remain unchanged.
The quantity ∂µ/∂T may change, but the relative con-
tribution of this effect is estimated, from a direct calcu-
lation, as ~ω/µ times smaller than the relative effect of
microwaves on the conductivity. Therefore, we conclude
that the influence of MW irradiation on the capacitive
response through the quantities ∂n/∂µ and ∂µ/∂T is ba-
sically reduced to the effect of heating of the electron gas.
Another kind of influence, through the transport prop-
erties of the 2D layer, is more essential and considered
below.
The response of the system to external perturbations is
determined not only by the intrinsic properties of the ca-
pacitor between the 2D gas and the gate, but also by the
potential distribution in the 2D plane. In other words,
knowing the relation Eq. (4) between δQ, δV , and δT is
not sufficient to solve the problem since V is the voltage
under the gate, while in our sample the contact to the
2D gas is placed outside the gate and stays at a differ-
ent voltage V0. To find a relation between V and V0, we
present the local current density as
jr = j
(0)
r + j
(t)
r + j
(ω)
r , (10)
where j
(0)
r is the current in the absence of microwave ir-
radiation and thermal excitation, j
(t)
r is the thermoin-
duced current, and j
(ω)
r is the microwave-induced cur-
rent. In the linear response regime, j
(0)
r is proportional
to the gradient of electrochemical potential ηr accord-
ing to j
(0)
r = −σˆ(0)∇ηr/e, where σˆ(0) = σd − ǫˆσH is
the conductivity tensor in magnetic field. In particular,
σH = e
2n/mωc is the Hall conductivity, ǫˆ is the 2 × 2
Levi-Civita matrix,
σd = σ0
∫
dε
(
−∂fε
∂ε
)
D2ε (11)
5is the longitudinal (dissipative) conductivity, and σ0 =
e2n/mω2cτtr is its classical part expressed through the
transport time τtr. We consider the case of a classi-
cally strong magnetic field, ωcτtr ≫ 1, relevant for high-
mobility electron gas. If η is constant, the current j
(0)
r is
zero.
The thermoinduced current in GaAs quantum wells is
dominated by phonon drag contribution. In general, this
current is modified in the presence of microwave irradia-
tion [25], but the effect is small compared to the influence
of microwaves on the resistivity and will be neglected in
the following. Using the model of bulk phonons with a
three-dimensional wave vector Q = (q, qz) and taking
into account that the scattering of electrons by phonons
is quasi-elastic because of the smallness of the phonon
energies compared to Fermi energy, one gets [25]
j(t)r =
|e|k2Fm
4π3~4ω2c
∫ 2pi
0
dϕ
∫ pi
0
dζ sin−2 ζ
×
∑
λ
∫ pi
0
dθ
π
(1− cos θ)CλQIqzNλQ(r)
∫
dεDε (12)
×
∑
l=±1
lDε−l~ωλQ(fε−l~ωλQ − fε)[τ−1tr Dεnϕ − ωcǫˆnϕ],
where kF =
√
2πn is the Fermi wavenumber, λ is the
mode index, ϕ is the polar angle of q, ζ is the inclina-
tion angle, and θ is the scattering angle. The phonon
frequency is given by ωλQ = sλ
√
q2 + q2z , where q =
2kF sin(θ/2) and qz = q cot ζ. The function CλQ is the
squared matrix element of the electron-phonon interac-
tion in the bulk, comprising deformation-potential and
piezoelectric-potential mechanisms (the detailed expres-
sion can be found, for example, in Ref. 25). The squared
overlap integral Iqz is defined as Iqz = |
∫
dzeiqzzF 2(z)|2,
where F (z) is the ground-state wavefunction describing
confinement of electrons in the quantum well. Next,
nϕ = (cosϕ, sinϕ) is a unit vector along q. The cur-
rent j
(t)
r is determined by the distribution function of
phonons, NλQ(r), which depends on the heater temper-
ature Th and on all the details of the sample geometry
and composition. In spite of the fact that this function is
unknown, Eq. (12) can be rewritten in the general linear
form
j(t)r = BˆGr, Gr = −∇Tr, (13)
where G is a potential field proportional to the frictional
drag force inflicted by the in-plane component of phonon
flux and T is a scalar potential associated with this field.
The symmetry properties of the tensor Bˆ are the same
as those of the conductivity tensor: Bˆ = Bd − ǫˆBH , Bd is
even in B, BH is odd in B, and |BH | ≫ |Bd| under the
assumed condition of a classically strong magnetic field.
Under certain approximations, when NλQ(r) ∝ q · ∇T ,
one may identify T with temperature T . In this case, Bˆ
is the thermoelectric tensor βˆ; see Ref. 25 for the the-
ory of phonon-drag thermoelectric effect in a quantizing
magnetic field. Both Bd and BH contain classical (non-
oscillating) and quantum (oscillating with B) contribu-
tions, the latter include the magnetophonon oscillations.
Finally, the microwave irradiation adds a photocurrent
whose most essential part is proportional to the gradient
of electrostatic potential [3], [16]. At low temperatures of
1-2 K, when the inelastic mechanism [7] of MW-induced
photocurrent dominates, the whole photocurrent is pro-
portional to ∇φ, so we write
j(ω)r = −σω∇φr. (14)
Since the term j
(ω)
r leads to violation of the Einstein re-
lation between conductivity and the diffusion coefficient,
the quantity σω has been named by the authors of Ref.
16 as anomalous conductivity. In the case of weak ex-
citation, when the response is linear in MW power, the
anomalous conductivity is given by the expression
σω = σ0
τin
4τtr
Pω
∫
dεD2ε
∑
l=±1
∂Dε+l~ω
∂ε
(fε+l~ω − fε),(15)
where τin is the inelastic scattering time, Pω =
(2e2E2ωµ/m~
2ω2)(|s+|2 + |s−|2) is a dimensionless func-
tion proportional to the MW power absorbed by 2D
electrons, Eω is the MW electric field, s± = (ex ±
iey)/[
√
2(ω ± ωc + iωp)], e is the unit vector of MW po-
larization, and ωp = 4πe
2n/[mc(1+
√
ǫ0)] is the radiative
decay rate. In the systems with uniform electron density
and temperature, where the chemical potential is con-
stant, one has e∇φr = ∇ηr, so the conductivity σω is
simply added to σd and the response is determined by
the total MW-modified dissipative conductivity σd+ σω.
If the chemical potential depends on coordinate, the re-
sponse depends separately on σd and σω.
Since no current is injected into the 2D system through
the contacts, one may write∮
dl · ǫˆjr = 0. (16)
where the integral is taken along any closed contour in
the 2D plane. Equation (16) is the integral form of the
continuity equation ∇ · jr = 0. It means that the total
current flowing in or out of the area encircled by a closed
contour is zero. With the use of Eq. (2), expressions for
the currents, and the identity
∮
dl · ∇ηr = 0 providing
continuity of ηr, one may rewrite Eq. (16) as∮
dl · ǫˆ
[
(σd + σω)∇ηr (17)
−σω
(
∂µ
∂n
∇nr + ∂µ
∂T
∇Tr
)
− ej(t)r
]
= 0.
In our experimental setup, the electron density n changes
in a narrow, determined by the distance dG, region near
the edge of the gate. In the presence of microwaves, this
causes a corresponding jump of the electrochemical po-
tential. To show this, we consider two closely spaced
6contours congruent with the shape of the gate near the
gate edge, a contour under the gate and another con-
tour C1 outside the gate, and integrate Eq. (17) between
these contours. Neglecting a possible change of temper-
ature and contribution of thermoinduced currents in the
narrow interval of integration, we obtain
e(V − V1) = σω
σd + σω
(
∂n
∂µ
)−1
δn, (18)
where V1 is the voltage outside the gate in the near-gate
region, formally obtained by averaging of the electro-
chemical potential over the contour C1 (see Fig. 4). The
fact that Eq. (18) does not contain the Hall conductivity
is related to the Corbino-like geometry of the experiment.
However, in the presence of microwaves, when V 6= V1,
a large non-dissipative Hall current proportional to σH
circulates along the gate edge.
V1
V
MW off
gate
V1
V
c1
gate
e
MW on
2D layer
FIG. 4: Charging in the presence of microwaves. Left:
schematic top view, right: spatial dependence of electrochem-
ical and electrostatic potentials. When the gate is biased, the
electron density under the gate becomes different from the
density outside the gate, and the electrostatic potential is
changed near the gate edge. The electrochemical potential is
constant since the current must be zero. When the sample
is irradiated by microwaves, the condition of zero dissipative
current requires a change of electrochemical potential near
the gate edge.
In the absence of non-equilibrium phonon fluxes and
temperature gradients, the electrochemical potentials are
equal to V and V1 in the whole regions under the gate and
outside the gate, respectively. Consequently, the varia-
tion of the voltage at the contact, δV0, is equal to the
variation of the voltage outside the gate, δV1, and we
obtain
δQ = CMW δV0 (19)
with the MW-modified capacitance
CMW = C0
[
1 +
σd
σd + σω
C0
e2A
(
∂n
∂µ
)−1]−1
. (20)
To solve the problem in the presence of external heat-
ing, we notice that since the heater area extends over
the gate region, one can expect nearly uniform heating
and non-essential phonon drag in the gate region. This
means that the electrochemical potential under the gate
is still uniform and equal to eV . In the region out of
the gate, the electrochemical potential changes because
of the thermoelectric effect. This potential can be found
from the continuity equation ∇ · jr = 0 with boundary
conditions expressing zero current normal to the sample
boundary at this boundary and the equality ηr = eV1
near the gate edge, r ∈ C1. As the current is given by
the expression
jr = −1
e
[σd + σω − σH ǫˆ]∇ηr + σω 1
e
∂µ
∂T
∇Tr
−(Bd − BH ǫˆ)∇Tr, (21)
the continuity equation becomes the Poisson-like equa-
tion (σd + σω)∇2ηr = σω(∂µ/∂T )∇2Tr − eBd∇2Tr ≡
∇2Φr. This equation has an obvious solution (here Φ1 is
Φr at r ∈ C1):
ηr = eV1 +
Φr − Φ1
σd + σω
(22)
which satisfies the boundary conditions in a particular
case when both the sample and the heater are radially
symmetric (Corbino geometry [28 - 30]) and describes
the distribution with zero azimuthal gradients of ηr and
zero radial current in any point of the sample. Despite
a different geometry of our sample (Fig. 5), the solu-
tion (22) still remains valid at the symmetry axis Ox
because the symmetry requires [∇yηr]y=0 = 0. There-
fore, by using Eq. (22) one can calculate the voltage
difference V2 − V1, where V2 is the voltage at the bound-
ary point r = (L/2, 0) (see Fig. 5). To find the bias
V0 − V2, we write the boundary condition for the x com-
ponent of the current at x = L/2: jxr |x=L/2 = 0. In the
case of classically strong magnetic fields, the main con-
tribution to the current comes from its Hall component,
and the boundary condition is approximately rewritten
as [σH∇yηr+eBH∇yTr]x=L/2 ≃ 0. This leads to the rela-
tion V0−V2 = −(BH/σH)(T0−T2), where T0 and T2 cor-
respond to the boundary points (L/2, L/2) and (L/2, 0)
with the voltages V0 and V2, respectively.
In summary,
V10 ≡ V1 − V0 ≃ −BH(T2 − T0)
σH
−Bd(T1 − T2)
σd + σω
+
1
e
σω
σd + σω
∂µ
∂T
(T1 − T2). (23)
Although this expression contains a number of unknown
parameters, it gives a complete account for the depen-
dence of thermoinduced voltage on the MW-induced con-
ductance contribution σω. Finally, a unified expression
7V2
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FIG. 5: Thermoelectric effect in the simple Corbino geometry
(a) and in the actual geometry of the sample (b). The arrows
show the distribution of phonon drag forces and temperature
gradients. The meander in (b) schematically represents the
heater.
relating the charging δQ with the external perturbations
is written in the following way
δQ = CMW
[
δV0 + δV10(Th)− 1
e
∂µ
∂T
δT (Th)
]
, (24)
where we have emphasized that the variations of the tem-
perature of electron gas under the gate, δT , and varia-
tions of thermoinduced voltage, δV10, are functions of the
heater temperature Th.
In conclusion, the capacitive response of 2D electrons
is determined not only by the thermodynamic quanti-
ties ∂n/∂µ and ∂µ/∂T but also by the transport prop-
erties. The recharging current Eq. (1) appearing as a
response to weak periodic modulation of the voltage,
V0(t) = ∆V cos(ω0t), is linear in the perturbation ∆V
and determined by the capacitance CMW which depends
on thermodynamic density of states ∂n/∂µ and anoma-
lous conductivity σω. The recharging current caused by
a periodic perturbation of heater temperature, Th(t) =
Th0 + ∆Th cos(ω0t), depends on the capacitance CMW ,
entropy density −∂µ/∂T , and the thermoinduced voltage
δV10. In the case of ∆Th ≪ Th−T , this current is linear
in the perturbation ∆Th.
Under conditions Xk = 2π
2kT/~ωc ≫ 1, the thermal
smearing of the Fermi distribution leads to ∂n/∂µ = ρ2D
and ∂µ/∂T = 0. The electron density of states cannot be
probed by the capacitive response in this regime. Never-
theless, the MW-induced features in the recharging cur-
rent persist, and Eq. (24) is rewritten in a simpler form
δQ = C0
δV0 + δV10(Th)
1 + (aB/4dG)/(1 + σω/σd)
, (25)
where aB = ~
2ǫ0/me
2 is the Bohr radius. The quantity
δV10 is also simplified in these conditions. Moreover, if we
neglect the contribution of magnetophonon oscillations
[31], which is justified in the case of low temperatures [25]
and is applicable to our experiment since the amplitude
of the oscillations is much smaller than the background,
δV10 is written as
δV10(Th) ≃ v12(Th)
1 + σω/σd
+ v20(Th), (26)
where v12 and v20 are B-independent voltages describing
classical phonon drag contributions. In particular, under
condition that NλQ(r) ∝ q · ∇T , one has v12 = −α(T1 −
T2) and v20 = −α(T2− T0), where T1 is the temperature
under the gate, T2 and T0 are the temperatures in the
points (L/2, 0) and (L/2, L/2), respectively (see Fig. 5),
and α is the classical phonon-drag thermopower.
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FIG. 6: (Color online) Comparison of calculated and exper-
imental magnetocapacitance. The right and the left parts
show the dark and MW-modified capacitance, respectively.
In the left, two calculated plots are presented, the one given
by the thicker line corresponds to inhomogeneous suppres-
sion of anomalous conductivity: σω is divided by the factor ξ
defined by Eq. (27).
In spite of the smallness of the geometrical factor
aB/4dG ≃ 0.02, the MW-modified capacitance CMW is
expected to change strongly compared to C0 when the
total dissipative conductivity σtot = σd + σω becomes
small compared to σd. Furthermore, for zero conduc-
tance (σtot = 0) corresponding to the zero resistance
state realized in our samples, CMW formally goes to zero.
However, we need to emphasize that the theory given
above cannot be applied in the intervals of magnetic fields
where the resistance is zero, because the distribution of
currents and fields in these conditions is far from the
quasi-equilibrium one and is likely shaped into domain
structures [32].
The result of the calculation of the capacitance accord-
ing to Eq. (20) is shown in Fig. 6. The density of states
needed for calculation of ∂n/∂µ, σω , and σd was de-
scribed in the self-consistent Born approximation based
8on the quantum lifetime of electrons of 7 ps, which is a
typical value for our samples at low temperatures. The
amplitude of fluctuations of chemical potential, Γ = 0.9
meV, was found from fitting the amplitudes of calculated
and measured oscillations of the dark capacitance. Weak
oscillations of the chemical potential with magnetic field
have been also taken into account. The inelastic scatter-
ing time was estimated according to ~/τin ≃ T 2/µ [7].
The amplitude of the microwave field, Eω, was chosen in
such a way to obtain the closest correspondence between
the measured and calculated magnetoresistance. The
theory describes the general behavior of the capacitance
and periodicity of the MW-induced oscillations. How-
ever, the amplitudes of the calculated MW-induced os-
cillations are much larger than the observed ones. These
deviations are expectable from the theoretical point of
view since the photovoltage associated with the anoma-
lous conductivity σω develops on short length scales, near
the gate edge. Below we discuss this point in more detail.
We believe that the main reason for the small ampli-
tudes of the observed oscillations is a suppression of the
influence of microwaves on 2D electron distribution in
the presence of spatial inhomogeneity near the gate edge.
Indeed, while in the homogeneous case, the energy relax-
ation of photoexcited electrons is determined by inelastic
scattering only; the relaxation of a spatially inhomoge-
neous distribution of electrons can also occur via spatial
diffusion. This effect is roughly described in terms of the
enhancement of the inelastic relaxation rate according to
the substitution
1
τin
→ 1
τin
+
D
ℓ2
=
ξ
τin
, ξ = 1 +
l2in
ℓ2
, (27)
where ℓ is a characteristic scale of the inhomogeneity,
D = v2F /2ω2cτtr is the diffusion coefficient (vF is the
Fermi velocity), and lin =
√Dτin is the inelastic dif-
fusion length [33]. Since the anomalous conductivity σω
is proportional to τin, it will be suppressed as a whole
by the factor ξ. In the MIRO region of magnetic fields,
B ∼ 0.2 − 0.5 T, lin is of the order of 1 µm. By choos-
ing ℓ = 0.22 µm, we obtain a reasonably good agreement
between theory and experiment (see Fig. 6). The spatial
inhomogeneities of the potentials near the gate edge can
appear because of gate fabrication imperfections. Apart
from this, screening of the MW field by the metallic gate
can lead to a strong spatial inhomogeneity of the MW
intensity near the gate edge, which in turn contributes
to inhomogeneity of the electron distribution. Finally,
one cannot exclude inhomogeneities caused by nonlinear
effects together with a dependence of the conductivities
σω and σd on the applied voltage variations δV0, though
we did not see direct indications of nonlinear behavior in
our experiment. The suppression described by Eq. (27)
also explains why there is no indication of zero resistance
states in the capacitance signal.
We expect it is technically possible to reduce the sup-
pression of the MW-induced capacitance oscillations by
increasing the distance to the gate, because an increase
in dG leads to increasing length ℓ and, consequently, to
a reduction of the factor ξ. The positive effect of this
modification, however, would be partly compensated by
the overall decrease of the magnetocapacitance signal be-
cause of the decrease in the geometric capacitance C0.
A strong suppression of MIRO in spatially-
inhomogeneous 2D electron gas was observed previously
in the samples patterned by antidot lattice with a period
of the order of 1 µm [34]. This effect could not be at-
tributed to lowering mobility in the patterned samples,
as the change in mobility compared to unpatterned
samples was small. The suppression of MIRO in Ref.
34 actually can be explained by the spatial diffusion
mechanism described above. Thus, the observation of
the authors of Ref. 34 adds more confidence to the
above interpretation of our experimental results.
Now we proceed to discussion of the response to ther-
mal modulation presented in Fig. 3. In contrast to the
case of voltage modulation, the effect of microwaves on
the charging current is strong and apparently not related
to weak oscillations of the capacitance discussed above.
The theory suggests that the result of our observation
can be understood as the influence of microwaves on the
magnetothermoelectric effect in Corbino geometry, when
the thermopower or, more generally, the thermoinduced
voltage, is inversely proportional to dissipative conduc-
tivity [28-30]. According to Eqs. (23) and (26), the MW-
induced oscillations of the conductivity contained in σω
are seen in the thermoinduced voltage as inverted oscil-
lations, where maxima are replaced by minima and vice
versa. Indeed, by applying the simple result of Eq. (26)
with the ratio v12/v20 as a fitting parameter to the inter-
pretation of our experimental data, a reasonable agree-
ment between the theory and the experiment can be
reached. The exception is the region of zero conductance,
where the theory is not applicable. The finite value of the
charging voltage peak corresponding to a zero resistance
state can be explained by nonlinear effects which become
increasingly important when σtot goes to zero or, even
more likely, by transport anisotropy. The latter means
that the symmetry properties of thermoelectric tensor are
modified, and this can have a dramatic effect on thermo-
electric phenomena under condition of classically strong
magnetic fields [35]. Indeed, we see a presence of an-
tisymmetric in B contributions in the charging voltage
signal, which can be a consequence of the anisotropy.
We leave this problem for further study. The influence
of anisotropy on thermopower in Corbino geometry has
been already detected experimentally [28] but was not
studied systematically. We note that application of MW
irradiation allows us to study the region of relatively weak
magnetic fields, whereas the previous measurements of
thermopower in Corbino geometry [28,30] demonstrated
peculiarities of thermoelectric response only in the quan-
tum Hall regime.
9IV. SUMMARY AND CONCLUSIONS
In this work, we explored the influence of microwaves
on high-mobility 2D electron gas in a GaAs quantum well
layer partly covered by the gate. The capacitive coupling
of electrons to the gate placed in the center of the square
sample allowed us to measure the recharging current as
a result of low-frequency modulation of the voltage be-
tween the gate and one of the contacts. In this way, the
effective MW-modified capacitance has been measured
directly. We also measured the recharging current as a
response to periodic variations of external heating by us-
ing the electrically driven heater placed under the cen-
tral part of the sample. Simultaneously, using Ohmic
contacts, we measured the magnetic-field dependence of
the resistance that demonstrated the microwave-induced
resistance oscillations (MIRO) and zero resistance states.
We have found that in the presence of microwaves the
capacitance oscillates with the magnetic field. The pe-
riod and the phase of these oscillations are the same as
those of MIRO, but the amplitude is much smaller. The
phenomenon of microwave induced capacitance oscilla-
tions has been explained as a result of violation of the
Einstein relation between conductivity and the diffusion
coefficient under MW irradiation. This leads to a dif-
ference in the electrochemical potentials of 2D electrons
under the gate and out of the gate so that the relation
between the induced charge and the applied voltage [Eqs.
(19) and (20)] is modified and becomes sensitive to MW
frequency. We note that a similar physical mechanism
has been proposed [16] to describe MW photovoltage os-
cillations [14,15] appearing under condition of a built-in
electric field near the contacts (for capacitive contacts,
the photovoltage was measured as a response to low-
frequency modulation of microwave power). A compari-
son of the measured and calculated MW-modified capac-
itance shows that the oscillations of the measured capaci-
tance have considerably smaller amplitudes. The discrep-
ancy is lifted if one takes into account a suppression of
the influence of microwaves on electron distribution due
to spatial inhomogeneity of this distribution expected in
the region near the gate edge. Thus, we believe that our
findings not only demonstrate the phenomenon of MW-
induced capacitance oscillations but also indicate the im-
portance of spatial diffusion in the relaxation of energy
distribution of MW-excited electrons.
We have presented a linear response theory describ-
ing the recharging current and applicable under the con-
ditions of our experiment. In particular, the theory
includes the effects of inhomogeneous temperature and
thermoinduced currents, which are missing in the previ-
ous theoretical consideration [16,33,36] of the influence
of MW irradiation on spatially-inhomogeneous 2D sys-
tems. The theory suggests that the response to a ther-
mal perturbation depends on the MW-modified capaci-
tance described by Eq. (20). However, when the tem-
perature gradient and non-equilibrium phonon flux are
present, the response has mostly thermoelectric origin.
Therefore, the main effect of the microwaves on the ther-
moinduced recharging current comes from the influence
of microwaves on the thermoelectric effect; the latter is
likely dominated by phonon drag. Whereas in our previ-
ous publication [17] we showed that MW irradiation leads
to antisymmetric in B oscillating contribution of thermo-
electric voltage, in the present experiment we observe a
symmetric in B oscillating response in antiphase with
MIRO. This difference is actually related to the differ-
ence in the experimental setups. In Ref. 17 we used Van
der Pauw geometry with the heater placed outside the 2D
layer, while in this study we use Corbino-like geometry,
where the gate at the sample center plays the role of a ca-
pacitive contact, and the heating occurs from underneath
the central part of the sample. The absence of detailed
knowledge about temperature and phonon flux distribu-
tion in our samples does not allow a direct quantitative
comparison of theory and experiment at this point. Nev-
ertheless, the periodicity and the shape of the oscillations
of the thermoinduced voltage clearly suggest that the sig-
nal reflects the inverse proportionality of this voltage to
the dissipative conductivity modified by microwaves. In
the regions of zero resistance states, the measured ther-
moinduced voltage shows high but finite peaks. Since the
linear theory developed for macroscopically homogeneous
and isotropic 2D systems is not valid in these regions, a
special consideration is required to describe the height of
the peaks.
Finally, we believe that our research shows that ap-
plication of both capacitive and thermoelectric methods
in combination with MW irradiation may considerably
extend the possibilities for studies of 2D electron
systems in high Landau levels. Further research, both
experimental and theoretical, is required to establish
the role of random inhomogeneities and anisotropy in
transport and relaxation of non-equilibrium 2D electrons.
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